High fluorescence quantum yield graphene quantum dots (GQDs) have showed up as a new generation for bioimaging. In this work, luminescent GQDs were prepared by an ameliorative photo-Fenton reaction and a subsequent hydrothermal process using graphene oxide sheets as the precursor. The as-prepared GQDs were nanomaterials with size ranging from 2.3 to 6.4 nm and emitted intense green luminescence in water. The fluorescence quantum yield was as high as 24.6% (excited at 340 nm) and the fluorescence was strongest at pH 7. Moreover, the influences of low-concentration (12.5, 25 μg/mL) GQDs on the morphology, viability, membrane integrity, internal cellular reactive oxygen species level and mortality of HeLa cells were relatively weak, and the in vitro imaging demonstrated GQDs were mainly in the cytoplasm region. More strikingly, zebrafish embryos were co-cultured with GQDs for in vivo imaging, and the results of heart rate test showed the intake of small amounts of GQDs brought little harm to the cardiovascular of zebrafish. GQDs with high quantum yield and strong photoluminescence show good biocompatibility, thus they show good promising for cell imaging, biolabeling and other biomedical applications.
Introduction
Graphene quantum dots (GQDs), a kind of promising carbon-based luminescent materials, have drawn researchers attention to biomedicine fields owing to their excellent optical-electronic characteristics and superior biocompatibility. As a zero-dimensional carbon-based material, GQDs are planar nanomaterials with lateral dimension ranging from 2 to 20 nm [1] [2] [3] [4] , showing intrinsic luminescence as a result of quantum confinement, surface defects and edge structure [1, [5] [6] [7] . In addition, GQDs also exhibit single atom layered structure just as conventional graphene do [8, 9] . Furthermore, compared with semiconductor quantum dots, GQDs show many advantages such as chemical inertness, ease of fabrication and low toxicity [10] . Besides, GQDs can also greatly reduce the toxicity induced by the heavy metals in characterize the microstructures of as-prepared GQDs. UV-visible absorption and normalized PL spectra were applied to analyze the optical properties of GQDs. Furthermore, the cytotoxicity of GQDs was systematically evaluated by a series of assays using HeLa cells as the object of study. Then the zebrafish embryos were employed to investigate the cardiovascular developmental toxicity of GQDs.
Experimental Section Synthesis of GQDs
The precursor GO was synthesized in accordance with the method described by Hummer with a modification in the reported work [29] . GQDs were synthesized by photo-Fenton reactions of GO and one-step hydrothermal method. In the synthesis process, GO solution (5 mL, 1 mg/ mL) was first mixed carefully with hydrogen peroxide (20 mL, 200 mM) and FeCl 3 solution (0.5 mL, 1 mM) in a quartz tube (40 mL) with vigorous stirring and the final pH of the solution was adjusted to 4 with HCl solution. Then the horizontally placed quartz tube filled with mixture was under a mercury lamp (365 nm, 1000 W, Bilon, Shanghai, China) for UV irradiation about 15 min. The reaction products were poured into a dialysis bag (retained molecular weight: 3000 Da) for 2 days to remove iron ions and other small moleculars. Then the 200 mL resulting solution, 6mL hydrogen peroxide (30%) and 2 mL ammonia (25-28%) were then transferred into a 250 mL Teflon-lined stainless-steel autoclave and heated at 180°C for 5 h. The reaction mixture was filtered through a 0.22 μm microporous membrane to separate the larger sized substance and a brown filtrate was obtained. Then the filtrate was transfered into a dialysis tube (retained molecular weight: 1000 Da) for 2 days to remove trace ammonia and other small molecular. The pH of the final GQDs solution was adjusted to 7. The purified GQDs displayed strong green fluorescence under ultraviolet excitation and the product yield (m(GQDs)/m(GO). m(GO) can be obtained by the product of volume and concentration) was about 11.1 ± 0.9 wt%.
Characterization TEM (JEOL, JEM-2010) was applied to observe the morphology of the GQDs using an accelerating voltage of 200 kV. AFM image was obtained on a Multimode 8 atomic force microscope. XPS analyses were carried out on an X-ray photoelectron spectrometer (Physical Electronics, USA) with an Al-K Alpha as the X-ray source. FTIR spectrum was analyzed on a Fourier transform infrared spectrometer (Bruker IFS66V), and XRD analyses were investigated by X-ray diffraction patterns (Philips X'Pert Pro.). UV-vis absorption spectra of GQDs in water was analysed on a Hitachi U-3010 UV-vis spectrophotometer. PL characterization of GQDs solutions was obtained with an F-4500 fluorescence spectrophotometer.
Cell cultures
HeLa cells (human cervical cancer cells, Shanghai Institutes of Biological Sciences) were cultured in RMPI-1640 medium (Hyclone) with 10% fetal bovine serum under a constant temperature of 37°C, 95% air and 5% CO 2 humidified condition. The medium was refreshed every two days and the cells were harvested from the cultures by trypsin/EDTA solution and were resuspended in fresh complete medium before plating. 100 μg/mL for 24 h at 37°C. Cells cultured in the medium without GQDs were taken as the control. The cell morphology was observed under an optical microscopy. For cell imaging, HeLa cells were co-cultured with GQDs at concentration of 50 μg/mL for 24 h at 37°C. Successively, the cells were washed with PBS for three times to remove GQDs followed by fixing them in PBS with 4% paraformaldehyde for half an hour at room temperature. Finally, the resulting cells were observed with a laser scanning confocal microscopy (ZEISS LSM700, Germany) at the excitation of 405 nm laser beams.
Cell counting kit-8 (CKK-8) assay 
LDH assay
The LDH assay is applied to evaluate the cell membrane integrity. Therefore, the cytotoxicity induced by GQDs was mearsured through the detection of the LDH level released in the supernatant by cells. Briefly, HeLa cells were seeded into plates as previously described methods. Then the cells were incubated with GQDs of different concentrations (0, 12.5, 25, 50, 100 and 200 μg/mL) for another 24 h. About the positive control treatment, 10 μL of lysis solution was added to the control well for 30 min before centrifugation (400 g × 5 min). After the centrifugation, 120 μL supernatant was transferred from each well to a fresh 96 well plate along with 60 μL LDH assay reagent (Beyotime Institute of Biotechnology, China) and incubated for 30 min in the dark at room temperature. The absorbance values were recorded by microplate reader at 490 nm.
ROS assay
HeLa cells were seeded in 24-well plates at the density of 1×10 5 cells per well. After 24 h incubation, HeLa cells were exposed with different concentrations (0, 12.5, 25, 50, 100 and 200 μg/ mL) of GQDs for another 24 h. After the cells washed with PBS for twice, serum-free medium with 2, 7-dichlorofluorescein diacetate (H 2 DCF-DA) solution (10 μM) was added to each well and incubated them in the dark for 30 min at 37°C. Finally, extra H 2 DCF-DA was removed by washing each well with PBS, and the fluorescence intensity was measured by microplate reader under 490 nm excitation wavelength.
Annexin-V apoptosis assay
HeLa cells were seeded in 6-well plates at the density of 1×10 5 cells per well. After 24 h incubation, medium was substitued by fresh medium containing GQDs at various concentrations (0, 12.5, 25, 50, 100 and 200 μg/mL), separately. Cells were then trypsinized, washed twice with PBS and re-suspended in 500 μL binding buffer. Then 5 μL of FITC-conjugated Annexin V (Annexin V-FITC) and 5 μL of propidium iodide (PI) were added and incubated them for 15 min at room temperature in the dark. The stained cells were analyzed by flow cytometer (BD FACS Canto). 
Zebrafish maintenance and ethics statement

Cardiovascular toxicity in zebrafish and in vivo imaging
Fertilized embryos were co-cultured with control (embryo culture media, E3 media) and GQDs (12.5, 25, 50, 100 and 200 μg/mL) from 4 to 120 hour post fertilization (hpf). After exposure to control (E3 media) and GQDs (12.5, 25, 50, 100 and 200 μg/mL) for 96 hpf, ten randomly selected larvae of each treatment were washed with PBS for three times followed by fixing them in PBS with 4% paraformaldehyde at 4°C overnight. Then histological slices were prepared and stained with Hematein Eosin. Laser scanning confocal microscope (ZEISS, LSM700, Germany) was applied to observe the distribution of GQDs in the region of cardiovascular.
About the heart rate test, ten randomly selected zebrafish were recorded at 48, 72, 96, 120 hpf. Zebrafish larvae were anaesthetized using 0.01% MS-222 (Sigma, USA), and the heart beats (1 min) were observed by a stereoscopic dissecting microscope (Motic, SMZ-161, Motic China Group CO., LT, China) and Media Cruiser recording software (Canopus Corporation, Kobe, Japan). The data was assessed using EthoVision Heartbeat Detector software (Noldus Information Technology, Wageningen, Netherlands).
Statistical analysis
The values were expressed as the mean with standard deviation (mean ± SD). Significance between groups has been analyzed using Student's t-test.
Ã indicates a statistical significance ( Ã 0.05) vs the control.
Results and Discussions
Synthesis and characterization of GQDs Step 1 is the photo-Fenton reaction of GO [8] , which can effectively cut all GO sheets into tiny sheets and dots (Figure A in S1 File).
Step 2 is a hydrothermal process for 5 h at 180°C with ammonia and hydrogen peroxide. After purification, the slightly yellow solution was freeze-dried and yellow powder (GQDs) was obtained. The synthetic process is low cost and relatively simple without the help of strong acid to cut large graphene oxide. Also, the synthesis process was very cheap in aqueous solution and the product yield is about 11.1 ± 0.9% in weight, higher than the other reported synthesis [23] . (Fig 2c) . High-resolution TEM image of a single GQD is exhibited in Fig 2b. The obvious crystal lattice demonstrates high crystallinity of GQDs and the lattice parameter of 0.24 nm represents the (1120) lattice fringe of graphene [23, 30] . The height distributions of AFM image (Fig 2d and 2e ) are 0.6−3.5 nm, indicating 1-3 graphene layers [31] .
XPS was applied to characterize the product in order to confirm the formation of GQDs. As depicted in Fig 3a, XPS survey spectra of the precursor (GO) and the as-prepared GQDs showed a distinct graphitic C 1s peak at ca. 285.4 eV and an O 1s peak at ca. 532.8 eV. The O/C atomic ratios in GQDs was 45.97% while GO was 39.22%, indicating that the oxidation level of GQDs was higher than that of GO. Compared with GO, a weak N 1s peak at 399.6 eV was observed in survey spectra of GQDs. This demonstrated that, through hydrothermal treatment of tiny GO dots with ammonia, N atoms were successfully introduced into the GQDs. The high resolution C 1s spectrum of the GQDs (Fig 3b) suggested the existence of the C-C/C = C (284.6 eV), C-O (287.1 eV), C = O (287.9 eV), COOH (289.0 eV) and C-N bond (286.1 eV) [31, 32] , and the presence of oxygen functionalized groups leads to the hydrophilic nature of GQDs. The high resolution N 1s spectrum of the GQDs (Fig 3c) demonstrated the existence of both amide (399.8 eV) and C-N (402.0 eV), further indicated the successful introduction of N atoms into the GQDs, thus improving the hydrophilicity of GQDs. As shown in Fig 3d, ) [19, 33] were observed in the Fourier transform infrared (FTIR) spectrum of GO and GQDs. In comparison, the stretching vibrations of oxygen-related groups in GQDs were stronger than that of GO. Moreover, the new peak at 1356 cm -1 was due to the C-N absorption bands [23, 34] and 3200 cm -1 was associated with the N-H stretching vibration of amine groups [32] , once again demonstrating the successful incorporation of nitrogen atoms into the GQDs. The XRD results of GO sheets and GQDs were shown in Figure B in S1 File. The GO sample displayed a strong (002) diffraction peak at ca. 10.4°. Similar to other process [19, 35] , the XRD of as-prepared GQDs showed a typical XRD profile of the GQDs centered at ca. 26°, indicating the interlayer spacing was 0.36 nm, due to the incorporation of oxygenated groups along the edges of the GQDs [23] . The PL property of as-prepared GQDs was measured as well. The UV-visible absorption and PL spectra of GQDs were shown in Fig 4a. From the UV-visible spectrum, an distinct absorption peak around 227 nm was observed due to the π!π* vibration of aromatic groups [32, 36] and a long tail extended into the visible range. When the GQDs were excited by a 365 nm UV lamp, the GQDs emitted green luminescence, which were bright enough to be observed by the naked eye and promising in applications of fluorescence imaging. However, it was noteworthy that the precursor of the GQDs showed weak and detectable PL in the ultraviolet region, but no fluorescence was detected from violet to visible light [8] . In addition, GQDs displayed excitation-dependent PL property. A red shift change was observed in the PL peak when the excitation wavelength changed from 320 to 500 nm. The PL quantum yields were measured according to the previous reported research [37] . when excited at 340 nm, as high as 24.6% of PL quantum yield was obtained (Table A in S1 File). The results were higher than most of the GQDs derived from GO, when compared with other reports, For the effective introduce of semiconductor nanoparticles into the area of bio-imaging, it is critical to figure out the factors of biotic environment that affect the optical performance of GQDs. As displayed in Fig 4b, the fluorescence intensity of GQDs was extremely sensitive to pH. However, around the optimum pH value of 7 for biosome, greater fluorescence of GQDs was detected, which was better than CdSe/ZnSe/ZnS quantum dots with stronger fluorescence in aqueous alkaline medium and extremely sensitive to pH [38] . With high PL quantum yield and greater fluorescence at pH of 7, GQDs were appropriate for bioimaging.
Cell morphology and distribution of GQDs
The morphology of HeLa cells after exposure with GQDs of 24 h were recorded to investigate the impact of GQDs on HeLa cells immediately. As shown in Figure C in S1 File, no obvious difference was observed between the GQDs treated cells (100 μg/mL) and the control cells. Moreover, few apoptosis cells were observed. Most cells adhered to the substrate firmly and were in normal spindle shape. These results suggested that GQDs had no obvious harmful effects on the morphology of HeLa cells.
In the study, the average lateral dimension of as-prepared GQDs was around 3.4 nm, which was quite small compared with HeLa cells. It has been reported that nano-sized GQDs could be internalized into cells faster compared with the micro-sized GO sheets [9] . Moreover, asprepared GQDs emitted intense green luminescence, so it might be a good candidate for fluorescent probes in cell imaging. As shown in Fig 5, the laser scanning confocal microscopy image of the cells incubated (Fig 5b and 5c ) with 50 μg/mL of GQDs was obviously brighter than that of the cells without GQDs treatment (Fig 5a) , demonstrating that GQDs had internalized into the cells and mainly existed in cell membrane and cytoplasm region, in agreement with the previous literature reported by Yuan's group [26] . The results revealed that even at the low concentration of 50 μg/mL, the fluorescence of the cells was still bright, which held great potential for bioimaging. In addition, GQDs could enter the cell cytoplasm, indicating another prospect of GQDs in drug delivery.
Cytotoxicity of GQDs
Given the diverse inspiring biomedical applications of GQDs, such as drug delivery, protein analysis and bioimaging, it is critically important to evaluate the potential cytotoxicity. CCK-8 assay is an effective technique for the evaluation of cell viability [39] . As shown in Fig 6a, the cell viability decreased with the increase of GQDs concentration, but did not dramatically decrease. At the concentration ranging from 12.5 to 50 μg/mL, more than 90% cell viability was obtained. Even at the highest concentration of 200 μg/mL, nearly 80% cell viability was observed. These results revealed that a low dose of GQDs had well bio-compatibility and low toxicity to HeLa cells. GQDs also displayed little cytotoxicity to MC3T3 cells and MG-63 cells [40] .
Cytotoxicity of GQDs can be further confirmed by Lactate dehydrogenase release (LDH) assay. Cell membrane integrity could be reflected by the LDH level out of cells [41] . The HeLa cells were exposed to a series of GQDs concentration for 24 h and then the release of extracellular LDH was measured. The results showed that LDH release was dose-related (Fig 6b) . It also revealed that the LDH release levels at a series low concentration (12.5 and 25 μg/mL) were slightly higher than the control, indicating that a tiny fraction of cell membrane integrity of HeLa cells was compromised by GQDs. However, when exposed to high concentration of 200 μg/mL, the LDH level increased almost 50% compared with the control group, which might be speculated to be the reason that GQDs could contact with cell membrane and then cause the corresponding physical membrane damage. According to the literature, it has been reported that the GQDs can enter into the cells through endocytosis [42, 43] . These results suggested that a small dose of GQDs showed relatively lower toxicity, while high concentration (200 μg/mL) of GQDs displayed higher toxicity.
Reactive oxygen species (ROS) assay is an indicator for the detection of oxidative stress level in cells. A variety of studies demonstrated that some nanoparticles cause ROS generation on account of their chemical composition and surface characteristics [9, 41] . Thus, the free radicals and defects at the edge of GQDs suggest their potential for singlet oxygen generation [44] . As shown in Fig 6c, the level of ROS generation in HeLa cells caused by GQDs was dose- Synthesis of Luminescent GQDs and Their Toxicity Study dependently. At the concentration ranging from 0 to 50 μg/mL, GQDs induced lower intracellular ROS level, while GQDs with higher concentrations induced more intracellular ROS. At the concentration of 200 μg/mL, the ROS level showed a significant increase in contrast with the control cells. It was possible due to the surface modification from GO to GQDs during the hydrothermal process [45] .
Concerning the measurement of GQDs-induced cell apoptosis, HeLa cells were co-cultured with different concentrations of GQDs, and the evaluation of cell apoptosis was performed by flow cytometry. As shown in Fig 7, the dot plots showed that GQDs had induced a very small amount of apoptotic cells at the concentration of 12.5 and 25 μg/mL. Moreover, even at the concentration of 200 μg/mL, more than 80% of cells were in the third quadrant. These results indicated the apoptosis and necrosis rate induced by low concentrations of GQDs was negligible.
Cardiovascular effects of GQDs on zebrafish embryos
After exposure to GQDs for 96 hpf, the GQDs biodistribution in cardiovascular of zebrafish was observed by LSCM. As shown in Fig 8a-8c , at the concentration of 100 and 200 μg/mL, the histological slices showed only myocardial cells were bright green compared with the control group and they were in typical spindle shape. It could also be seen clearly that GQDs were mainly in cytoplasm and not in cell nucleus region. The result was similar to the cell imaging Fig 8. Confocal fluorescence images of histopathological slices in heart region at excitation of 405 laser beams and heart rate of zebrafish: a) control, b) larvae treated with 100 μg/mL, c) larvae treated with 200 μg/mL. d) heart rate of zebrafish embryos exposed to QGDs at 48, 72, 96 and 120 hpf. * denotes P < 0.05 compared with control. Values represent the mean ± SE. doi:10.1371/journal.pone.0144906.g008 displayed in Fig 5, indicating that GQDs would be a good alternative for imaging and drug delivery in cytoplasm.
Zebrafish has been proved to be an effective model animal on the evaluation of nanoparticles' toxicity. Considering the distribution of GQDs was obviously observed in the heart region, after exposure to different concentration of GQDs, the heartbeats of zebrafish at 48, 72, 96, and 120 hour post fertilisation (hpf) were measured. As exhibited in Fig 8d, at a different time point, all of the heartbeats decreased dose-dependently. At low concentrations of 12.5 and 25 μg/mL, the heartbeats showed little difference compared with the control groups, indicating that the exposure of low concentration of GQDs may have little effects on the development of heart region of zebrafish embryos and larvae.
Conclusions
GQDs were successfully fabricated by ameliorative photo-Fenton reaction and hydrothermal process. As-prepared GQDs emitted intense green luminescence under ultraviolet excitation and the fluorescence quantum yield was as high as 24.6%. Moreover, the weight yield of the GQDs was about 11.1 ± 0.9%. What's more, GQDs had penetrated into the HeLa cells and mainly in the cytoplasm region. The cytotoxicity of GQDs was evaluated by CKK-8, LDH, ROS and Annexin-V apoptosis assays. Low-dose of GQDs (12.5 and 25 μg/mL) internalization did not induce significant cytotoxicity as proved by the high cell viability, low LDH release amount, low internal cellular ROS level and negligible amount of cell apoptosis. The in vivo test further demonstrated that low-dose of GQDs had little influences on zebrafish embryos and larvae. Thus, as-prepared GQDs with strong PL and good biocompatibility had great potential in biological and medical applications.
Supporting Information S1 File. TEM image of tiny GO sheets and dots. Tiny GO sheets were prepared through photo-Fenton reaction of GO ( Figure A) . XRD patterns of GO sheets and GQDs ( Figure B) . Quantum yield of GQDs using quinine sulfate as a reference. Quinine sulfate in 0.1 M H 2 SO 4 (QY = 0.54) was chosen as a standard with GQDs. The quantum yields of GQDs (in water) were calculated according to the formula: F = Fs(I/Is)(A/As)(ns/n). Where F is the quantum yield, I is the measured integrated emission intensity, n is the refractive index of the solvent (1.33 for water), and A is the optical density. The subscript "s" refers to the reference standard with known quantum yield. To minimize reabsorption effects, absorbencies in the 10 mm fluorescence cuvette were kept under 0.1 at 340 nm (Table A) . Optical microscopy images: a) the control, b) GQDs-treated cells. HeLa cells optical microscopy images were recorded after treated with 0 and 100 μg/mL GQDs for 24 h ( Figure C) . (DOCX)
